The optical properties of hexagonal GaN microdisk arrays grown on sapphire substrates by selective area growth (SAG) technique were investigated both experimentally and theoretically. Whispering-gallery-mode (WGM) lasing is observed from various directions of the GaN pyramids collected at room temperature, with the dominant lasing mode being Transverse-Electric (TE) polarized. A relaxation of compressive strain in the lateral overgrown region of the GaN microdisk is illustrated by photoluminescence (PL) mapping and Raman spectroscopy. A strong correlation between the crystalline quality and lasing behavior of the GaN microdisks was also demonstrated.
Introduction
Edge-emitting ultraviolet laser diodes (UV-LD) have drawn intensive interests recently due to wide applications in medical diagnostics, chemical sensing, water purification etc [1, 2] . Many efforts have been made in the past decade in the development of UV-LD [3] [4] [5] , but there are still many challenges that impede the progress towards higher efficiency of the devices, for example, high dislocation densities in the active region and difficulties to achieve smooth and parallel Fabry-Perot (F-P) cavities to provide enough gain over losses during light amplification. These critical obstacles can be surmounted by introducing microdisk whispering gallery mode (WGM) lasers, which have advantages such as wider wavelength coverage, lower optical loss and lasing threshold, and better high-speed modulation characteristics compared to that for F-P lasers. WGM lasers have been mostly fabricated on the Si substrate due to strong light reflection at the GaN/Si interface, and easier formation of overhang pivoted nitride microdisk on Si posts by wet chemical etching [6] . It is also compatible with the large-scale IC fabrication process and can be implemented into the optical interconnections. However, Si-based WGM lasers suffer from low crystalline quality, affecting both internal quantum efficiency (IQE) and threshold current of the LD due to the large lattice and thermal mismatch between III-nitride and Si substrate [7] . In addition, since reactive ion etching (RIE) is usually applied in the formation of the III-nitride WGM microdisk, severe light scattering and large optical losses are inevitable as mask erosion during RIE results in rough sidewalls and degradation of circularity of the GaN microdisks [7] . Compared to GaN microdisk fabricated by RIE [8] , microdisks obtained by bottom-up growth method have advantages, such as higher crystalline quality, naturally formed crystallographic planes acting as side-reflecting mirrors, and consequently improved lasing characteristic [9] .
As a typical bottom-up growth technique, selective area growth (SAG) of III-nitride rods or hexagonal disks on sapphire substrate has been reported before by numerous researchers [10] . It was demonstrated that SAG technique can effectively reduce the defect density since a large portion of the microdisk is grown laterally on SiO 2 mask, blocking threading dislocations stemming from the underlying GaN or sapphire template. It was also reported that SAG can also reduce piezoelectric polarization and improve the efficiency of electronhole recombination through growing nonpolar sidewall surfaces [11] . Collective lasing behavior and capabilities in tuning the direction of emitted light were obtained by growing InGaN-based nanorods in the form of two-dimensional periodic array [12] . Nevertheless, the correlations between structural quality, strain state and lasing behavior of the GaN microdisks have seldom been studied before.
In this work, GaN microdisks in periodic arrays were grown on sapphire substrate by SAG technique. WGM lasing characteristic from the hexagonal resonators was discussed as a function of both collection angle and light polarization degree. Spatially-resolved photoluminescence (PL) and cathodoluminescence (CL) properties of the GaN microdisks were also investigated, illustrating that the overgrown region of the GaN microdisk with good crystalline quality greatly helps in the process of light amplification and omnidirectional lasing.
Experimental details
Hexagonal GaN microdisk arrays were grown on patterned SiO 2 on GaN/sapphire template using an AMEC Prismo HiT3 TM MOCVD reactor in N 2 ambient. Trimethylgallium (TMG)/triethylgallium (TEG) and ammonia (NH 3 ) were used as precursors of Ga and N, respectively. The total pressure is 200 torr and V/III is 100. Firstly, 5 μm thick GaN epitaxial layer was grown on 2 inch sapphire substrate. Then, 150 nm thick SiO 2 was deposited on GaN epitaxial layer by electron beam evaporation technique. Circular microholes with diameter of 2 µm and 20 µm were fabricated on SiO 2 by conventional photolithography followed by RIE. After patterning of SiO 2 , the templates were subjected to sonication in acetone, methanol and DI water for 5 min, respectively. Then, the templates were reloaded into MOCVD chamber for re-growth of GaN microdisks. Surface morphologies of the GaN microdisk arrays were characterized by a Hitachi s4800 Scan Electron Microscope (SEM) and Veeco Dimension 3100 V AFM. Steady-state room temperature PL analysis and Raman analysis were carried out using a Renishaw inVia Reflex spectrometer system with a 325 nm He-Cd laser and 532 nm Nd-YAG laser as excitation sources, respectively. In the spatiallyresolved PL measurement, the output power of the incident beam was set as 25 mW with a scanned area about 30 × 30 µm 2 . Luminescence was collected using the objective lens of 50X from the same side and analyzed by the built-in spectrometer. The spontaneous and stimulated emissions of the GaN microdisks were investigated using an Ar-F (193 nm) excimer laser at various excitation power densities, and both the edge and surface emissions were collected by a Horiba iHR550 spectrometer dispersed by a 1200 lines/mm grating to a cooled charged-coupled device (CCD) under room temperature (RT). In addition, GlanTaylor polarizers were used for polarization dependent spectral analysis. RT and low temperature (LT) CL characterizations were performed utilizing a FEI Quanta FEG 250 in combination with a Gatan MonoCL setup.
Results and discussions
Top-view SEM images revealing the surface morphologies of the GaN microdisk arrays are shown in Fig. 1(a) and (b). SiO 2 microhole arrays with diameter/periodicity of 2/20 μm and 20/40 μm were utilized during SAG pattern fabrication, and the outlines of the SiO 2 microholes are denoted by the dashed red circles in Fig. 1(a-b) . Hexagonal microdisks are bounded by (10-1-1) planes, and the lengths of the side facets of the hexagonal GaN are 5 and 14 μm, respectively. For simplicity reason, they are denoted as 5 and 14 μm microdisk. It was observed that similar lateral expansion of approximately 4 μm were illustrated for both 5 μm and 14 μm microdisks, indicating that lateral growth rate is the same in spite of the dimension of GaN microdisk, and the SAG is lateral diffusion controlled [13] . The surface morphologies of 5 μm and 14 μm microdisk are dramatically different. Rough surface is observed on top of the 5 μm microdisk, whereas the surface of the 14 μm microdisk is atomically flat with corresponding root mean square (RMS) roughness of only 1.13 nm. The growth mechanism of SAG GaN is illustrated in Fig. 2 (a)-(d). During the early stage of the growth process, flat and smooth top surface is achieved by step-flow growth mode of GaN inside the SiO 2 holes. Subsequently 3D growth becomes dominant, forming rough top surface, until GaN gradually fills SiO 2 microholes and crystal coalesce. Finally, as crystal grains coalesce into each other, semi-polar (10-1-1) planes start to become the terminating sidewalls due to their lower surface energies [14] . Clearly, surface morphology of the 5 μm microdisk can be represented by the growth condition shown in Fig. 2 (c), whereas that of the 14 μm microdisk is denoted as The schematic setup of the RT PL measurement is shown in Fig. 3 (a) [15] . The sample is put on an X-Y stage with lateral resolution of 10 nm. For power-dependent PL measurement, laser excitation is fixed along the surface normal of the GaN microdisk, with the excitation area being approximately 1 × 1 mm 2 , covering a large number of GaN microdisks. The influence of the pumping power on the edge emission spectra of the 14 μm GaN microdisk arrays is illustrated as an example in Fig. 3(b) . At low pumping powers, GaN microdisk arrays exhibit broad spontaneous emission peaks. Several optical modes are identified with mode spacing approximately 2 nm. A clear distribution of cavity modes from M1 to M9 locating at 368.4, 370.6, 372.3, 373.9, 376.5, 379.4, 382.5, 386.1 and 389.8 nm are clearly shown. As excitation power increases, PL intensity dramatically increases. At excitation energy above 2 MW/cm 2 , an obvious resonant peak centered at 372.3 nm emerged, becoming the dominant mode [16] . However, which mode become dominant depends on various factors including optical path, microdisk geometry, and collection direction. In this work, the excitation area is 1 × 1 mm 2 , which is much larger than the dimension of the microdisk itself. Therefore, the work reported here represents a collective lasing phenomenon, and the precise control of the exact lasing mode seems to be difficult due to competing lasing behaviors from various GaN microdisks.
It is worth noting that, below the lasing threshold, two modes are located at 372.3 and 373.9 nm independently. However, the two modes merge into one sharp peak, and the relative intensity of the 373.9 nm mode is increasing against the one at 372.3 nm, which could be distinguished in Fig. 3(c) . Therefore, a gradual redshift of 0.3 nm is observed as a result of the above two competing modes and the FWHM of 372.3 nm mode above the lasing threshold cannot be further reduced. The influence of the pumping power on the integrated intensity and full-width-half-maximum (FWHM) of the 372.3 nm mode is shown in Fig. 3(d) . Superlinear increase of the peak intensity together with dramatic reduction of the FWHM below 2 nm indicate light amplification in the 14 μm GaN hexagonal microdisks [17] owing to decent light confinement properties inside the overgrown GaN microdisk, even it was grown on sapphire substrate. The lasing threshold (E th ) is determined to be 2.43 MW/cm 2 based on the evolution of PL intensities and spectral width of the dominant resonant peak. WGM lasing in 5 μm GaN microdisk was also observed. The lasing threshold of 5 μm GaN microdisk is approximately 3 MW/cm 2 , which is similar to that of 14 μm GaN microdisk. The size dependence on the lasing characteristic is not observed in this study.
Many efforts have been made in the past decade in the development of GaN microdisk WGM laser on Si. Choi et al. reported that stimulated emission of arrays of pivoted GaN microdisks of 20 µm diameter fabricated on GaN/Si template by a combination of dry and wet etching was achieved [18] . Baek et al. described methods to grow GaN microdisks of 5 μm diameter on amorphous silicon oxide layers on Si using micropatterned graphene films as a nucleation layer, and the lasing threshold was 250 kW/cm2 [17] . In this work, GaN microdisk arrays were grown on sapphire substrate, in which case the refractive index difference is smaller compared to that of GaN/Si system. In addition, serious leakage of emission out of these structures would occur at the GaN/sapphire interfaces, leading to increased lasing thresholds. Thus, the lasing threshold of ~2.43 MW/cm 2 is within expectation, even though further structure optimization is needed in order to achieve lower threshold and larger output power.
Typical far-field patterns recorded on a screen made of printer paper placed approximately 1 cm away from the edge of the 14 µm GaN microdisk arrays is shown in Fig. 4(a)-(d) for pumping powers below and above lasing threshold E th at RT. Below E th , there is no obvious light spot since spontaneous emission is emitted randomly in all directions, and the output power is relatively weak. Above E th a strong spot pattern appears on the screen, and the intensity becomes stronger as increasing pumping power, clearly indicating the occurrence of stimulated emission. by setting a sheet of white copying paper in front of the edge of 14 μm GaN microdisk arrays under optical pumping (the pulse width was 5 ns, and the repetition rate 50 Hz) at room temperature, and a blue luminescence formed when the near-UV light illuminated the white copying paper. Angular-resolved PL characterization was performed to understand the directional behavior of the WGM lasing. The laser is incident on the sample 30° away from the surface normal. The angle between the optical fiber and the surface normal of the GaN microdisk ranges from 0° to 90° as shown in Fig. 5(a) . Optical fiber is aligned either along m or a direction of the GaN microdisk. It is found that lasing spectra collected from both directions are similar, but the PL spectra collected along a direction illustrate lower lasing threshold, possibly due to enhanced light-field scattering at the corners of the GaN microdisk [15] . Figure 5(b) shows the PL spectra of the 14 μm GaN microdisk arrays collected at different θ angles above lasing threshold. Both spontaneous and stimulated emissions are observed. As θ increases, the intensity of the broad spontaneous emission peak of GaN microdisk below lasing threshold decreases in both m and a directions due to reduced cross-section of the emitting area, whereas the stimulated emission peak prevails relatively, indicating a dominant light amplification effect along the edges of the GaN microdisk. Lasing peaks with similar FWHM values are clearly shown for all θ angles, indicating omnidirectional reflection of the stimulated emission and various trajectories of the reflected light at the (0001) and (10-1-1) crystal planes. Moreover, the stimulated emission peak is located at the long-wavelength-side of the spontaneous emission peak, most probably due to stronger re-absorption at the highenergy parts of the spontaneous emission spectrum [19] . It is mentioned above that light can travel around the sidewalls of the hexagonal microdisk with little loss by total internal reflection. Thus F-P mode lasing is less likely to occur due to absence of parallel cavity [17] . It should be noted that the clearest distinction between F-P type modes and WGM-type modes is the mode spacing [20] . For F-P cavity mode, mode spacing Δλ between adjacent peaks can be calculated by Eq. (1) [ 
where n = 2.6 is the refractive index of GaN at lasing wavelength of 372.3 nm, d is the cavity length, λ = 372.3 nm is the lasing wavelength, dn/dλ is −0.003 nm −1 at 372.3 nm, denoting the dispersion relation shown in Eq. (2) 
As calculated from Fig. 3(b) , Δλ = 1.6 nm, resulting in d = 29 μm, which is unreasonable for F-P cavity since the thickness of our GaN microdisk is only 2.5 μm. The observed lasing characteristic is believed to be either attributed to WGM or quasi-WGM resonance depending on the optical paths inside the hexagon disk. For WGMs within the microdisk cavities, the mode spacing Δλ can be calculated by Eq. 
where λ, R, and neff represent the resonant wavelengths, radius of the microdisk cavity, and effective refractive index, respectively. Δλ is calculated to be 0.6 nm, which is much larger than the resolution of our spectrometer of 0.1 nm.
To further investigate the polarization property of the stimulated emission, a Glan-Taylor polarizer was put in front of the optical fiber, as it was previously reported that both transverse magnetic (TM) and transverse electric (TE) polarized emissions are involved in the WGM lasing [23] . Emission spectra are collected as a function of azimuth angle Φ, which is the rotation angle between the Glan-Taylor prism and the sample surface above the lasing threshold. The emission spectra from the 14 μm GaN microdisk arrays at various azimuth angles are shown in Fig. 6(a) and the integrated PL intensity as a function of Φ is shown in Fig. 6(b) . 0° represents fully TE polarization light, and 90° is denoted as fully TM polarization light. It shows that TE mode dominates over TM mode, with 3.5 times higher in PL intensity. The dominant TE-polarized emission from the WGM lasing can be ascribed to positive (Δ cr = + 38 meV) crystal-field splitting energy in the valence band of GaN, and thus transition from the conduction band to the valence band with Γ 9 symmetry [24] . The polarized emission spectra have slightly higher FWHM values of 2 nm, most probably due to the large distance between the edge of the GaN microdisk and the optical fiber due to insertion of the polarizer and consequently deviation from the lasing direction.
To further confirm TE-mode WGM lasing characteristics, the theoretical resonant wavelengths of a WGM lasing in 14 μm microdisk are calculated by Eq. (4) below using a plane wave approximation [25] .
where N TE is an integer, λ is the wavelength, n is the refractive index, and L = 14 μm is the side length of the hexagonal microdisk. 9 WGMs can be clearly distinguished, with mode numbers N TE calculated to be 452-481 according to their spectral peak positions. These resonant peaks located at 368.2, 370.5, 372.3, 374, 376.4, 379.5, 382.7, 386.1 and 389.4 nm are shown as the vertical dashed lines in Fig. 6 (c) intersecting both the dispersion curve of the GaN (top) and the experimental lasing spectra (bottom). The theoretical resonance wavelengths of TE-modes are in good agreement with the experimentally measured spectrum of WGMs above lasing threshold, ambiguously demonstrating the TE-mode WGM lasing phenomenon [15, 17, 26] . Since GaN microdisk arrays were grown by SAG technique, high crystalline quality and thus better optical property at the overgrown region of the GaN microdisk are predicted, which is beneficial for WGM lasing as the resonant modes are localized along the edge of the microdisk. In order to demonstrate this hypothesis, bi-axial strain conditions were investigated. Micro-PL (μ-PL) mappings were generated from a 28 μm × 28 μm scanned area for a single 14 μm GaN microdisk. The spatial distribution of the emission wavelengths of a single 14 μm microdisk is extracted and rendered on Fig. 7(a) . The average emission wavelength of the 14 μm GaN microdisk is around 362 nm. A red shift of approximately 0.5 nm from the center of the microdisk to the edge is clearly observed in Fig. 7(a) , suggesting a change in the bi-axial strain condition. It is worth mentioning that the dominated lasing mode is approximately 372 nm. Therefore, the stimulated emission peak is located at the longwavelength-side of the spontaneous emission peak, probably due to stronger re-absorption at the high-energy parts of the spontaneous emission spectrum, which is similar to our previous report for edge-emitting laser diode [19] . In order to qualitatively identify the strain relaxation process, spatially-resolved Raman spectroscopy was performed on the same GaN microdisk. Figure 7(b) shows the space distribution of the E 2 (high) position. Larger Raman shift is identified in the center region of the GaN microdisk compared to the edge. According to Tian et al., E 2 (high) position of a strain-free bulk GaN is located at 567.6 cm −1 at 300 K [27] . Therefore, compressive strain is identified in the center of the hexagonal GaN microdisk while strain relaxation occurs in the lateral overgrowth region of the microdisk due to the lateral overgrowth and thus lacking of lattice mismatch between GaN and sapphire substrate. The strain condition is consistent with the fact that the emission wavelength is red-shifted from the center to the edge of the GaN hexagonal microdisks [28] . The relaxation of compressive strain in the hexagonal GaN microdisk structure would result in the reduction of the piezoelectric field and improve the overlap of electron and hole wave functions, which greatly improves the radiative recombination rate in the GaN and benefits the stimulated emission and WGM lasing [29] . 
Conclusion
In summary, hexagonal GaN microdisks in a periodic array pattern were grown by SAG technique. WGM rather than F-P lasing is responsible for the observed stimulated emission. TE-dominant multimode lasing with a threshold of 2.43 MW/cm 2 and FWHM less than 2 nm are demonstrated from the 14 μm microdisk arrays at RT. Stimulated emissions are observed from various directions of the GaN microdisk, indicating the omnidirectional lasing behavior of the GaN microdisk due to various trajectories of the reflected light at the (0001) and (10-1-1) crystal planes. Furthermore, a relaxation of the compressive strain is confirmed by Raman spectroscopy, and it is consistent with the fact that PL emission wavelength is red-shifted from the center to the edge of the GaN hexagonal microdisk. CL luminescence suggests that the defect states are associated with the nonradiative recombination centers in the middle of the microdisk, whereas NBEs are mostly coming from the overgrown region of the GaN microdisk with better crystalline quality.
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